Isomer triggering via nuclear excitation by electron capture 
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Triggering of long-lived nuclear isomeric states via coupling to the atomic shells in the process of nuclear ex- 
citation by electron capture (NEEC) is studied. NEEC occurring in highly-charged ions can excite the isomeric 
state to a triggering level that subsequently decays to the ground state. We present total cross sections for NEEC 
isomer triggering considering experimentally confirmed low-lying triggering levels and reaction rates based on 
realistic experimental parameters in ion storage rings. A comparison with other isomer triggering mechanisms 
shows that, among these, NEEC is the most efficient. 
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PACS numbers: 23.20.Nx, 23.20.Lv, 25.20.Dc, 34.80.Lx 

Metastable nuclear states (nuclear isomers) have been the 
subject of intense debate in the last years, not least fueled by 
a series of controversial experimental evidence 11, 2]. Iso- 
meric triggering — release on demand of the energy stored in 
the excited metastable nuclear state — has been proposed via 
a number of nuclear excitation mechanisms, such as photoab- 
sorption Coulomb excitation or coupling to the 

atomic shells U3, Igi |9|] . The isomeric state could be thus ex- 
cited to a higher level which is associated with freely radiat- 
ing states and therefore releases the energy of the metastable 
state, as schematically presented in Figure Q] for the case of 
93m Mo. So far, attempts to trigger the energy release from iso- 
mers were focused on the 31-year 178m2 Hf isomer, which be- 
came a highly controversial issue HHHQiJ. As an undisputed 
result stands the triggering of the 180m Ta quasistable isomer, 
which has a lifetime of t]/ 2 > 1.2 x 10 15 yr, longer than 
the expected age of the universe, by 2.8 MeV bremsstrahlung 
photons lfTll [ol . The motivation for the study of isomers is 
mainly twofold lfl3l a. First, a better understanding of the 
properties of nuclear isomers, their formation and their de- 
cay mechanisms is desirable as such, for example, because of 
the role isomers play in the creation of the elements in the uni- 
verse. But much interest also arises from a number of fascinat- 
ing potential applications related to the controlled release of 
nuclear energy on demand, such as nuclear batteries. For both 
purposes, efficient triggering mechanisms need to be identi- 
fied. Motivated by this, here we draw attention to triggering 
via nuclear excitation by electron capture (NEEC). In the con- 
text of isomer research, unlike other excitation mechanisms, 
NEEC has received little attention until now. In Ref. lfl5ll . lim- 
ited access to important internal conversion coefficient values 
lead to qualitative estimates off by many orders of magnitude. 
NEEC has also been mentioned as possible triggering mecha- 
nism in the study of enhanced nuclear decay in astrophysical 
hot dense plasmas Qjj] , and as nuclear excitation mechanism 
of the 235m U isomer in laser generated plasmas 11711 . 

In this Letter, we discuss in detail the feasibility of NEEC- 
assisted isomer activation, and derive triggering probabilities 
using a rigorous treatment of the electron-nucleus interaction 
for a number of isomers of interest. As our main result, we 
find that typically NEEC is most efficient among the investi- 
gated isomer triggering mechanisms. 
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FIG. 1: Partial level scheme of f^Mo. As a general notation, the 
isomeric state (/) can be excited to the triggering level (T). The 
triggering level subsequently decays back to / or to a level F which 
initiates a cascade via different intermediate states (dashed line) to 
the ground state (GS). E4 denotes a strongly hindered nuclear (7) 
transition. 



In the resonant process of NEEC, a free electron is cap- 
tured into a highly-charged ion with the simultaneous excita- 
tion of the nucleus 111 (811 . NEEC is the time-reversed process 
of internal conversion (IC) and is related to other processes 
that couple nuclear transitions to the electronic shell such as 
nuclear excitation by electron transition (NEET) and bound 
internal conversion (BIC). While for broadband photoexcita- 
tion of isomers with bremsstrahlung photons knowing the ex- 
istence or exact position of the triggering level is not neces- 
sary, for resonant processes such as NEEC or NEET this is a 
more sensitive matter. Levels above the isomer are often not 
connected by transitions to the metastable state, as they belong 
to different nuclear bands. It is therefore unlikely that such a 
hindered transition could be triggered in an experiment either 
by photons or by coupling to the atomic shell. We envisage 
NEEC isomer triggering via the nearest triggering level lying 
above the metastable state that has been either experimentally 
confirmed or for which the corresponding transition is theo- 
retically predicted. Low-lying triggering levels are desirable 
for obtaining high energy gain and facilitating the excitation 
to the triggering level. Characteristic data for few interesting 
cases is summarized in Table U 

In the case of the gjp U isotope there is no low-lying trig- 
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gering level that connects the 76 eV isomeric level with the 
ground state, but the excitation of the isomeric state to a trig- 
gering level at 51.701 keV that will in turn decay back to the 
isomeric state via an intermediate level is possible. While one 
would not gain the energy of the isomeric level (which in this 
case is only 76 eV), this isotope offers the possibility of test- 
ing the excitation mechanism at very low energy by detecting 
the photons emitted in the degenerate triggering. 

Triggering of the 48.6 keV isomeric state of Am has 
been previously investigated [15]. The long-lived 242m Am 
isomer (t\/2 ~ 141 years) can be produced by neutron capture 
with a significant cross section [ 10] and has an instable ground 
state with a 16 h lifetime. The level data in B20I1 show that at 
just 4.1 keV above the 5~ isomer lies a 3~ level that could 
be reached by a E2 transition, which however hasn't been ob- 
served experimentally. This lack of experimental observation 
could be due to a K hindrance or the small transition energy. 
The triggering of the isomeric state via NEEC would in turn 
not only release the 48.6 keV stored by the isomer, but would 
also begin the transmutation chain of the ground state. The au- 
thors of Ref. IU5I1 have been comparing several mechanisms 
of non-radiative triggering of 242m Am, including NEEC. In 
their qualitative estimate of the NEEC triggering cross sec- 
tion, however, a key value in the calculation — the partial IC 
coefficient — was reported to be unknown. This coefficient is 
the ratio between the IC and radiative decay rates for a cer- 
tain nuclear transition involving the electrons of a particular 
atomic orbital or shell. As stated in Ref. [15], this coefficient 
was assumed somewhat arbitrarily in order to numerically es- 
timate a cross section. This led to their conclusion that NEEC 
triggering is less favorable than other triggering mechanisms. 
In the following, we derive the partial IC coefficient using a 
rigorous treatment of the electron-nucleus interaction, and ob- 
tain results that are many orders of magnitude above the ones 
in Ref. H. 

We calculate the total cross section a for NEEC to the trig- 
gering level followed by its subsequently decay via a branch- 
ing ratio releasing the energy of the isomeric state. The initial 
decay of the triggering level T to the F level (see Fig.[TJ oc- 
curs either by emitting a photon or by IC. The electron cap- 
ture is considered to occur in bare ions, with the exception 
of Am, where we have considered as initial state the Am 83+ 
ion, with the K and L shells and the 3s orbital occupied. The 
capture orbitals are presented in Table HU If the nuclear tran- 
sition energy does not allow for the capture into the K shell 
and recombination occurs into higher shells, the subsequent 
fast electronic decay to the ground state is taken into account. 
The IC decay channel of the triggering level T back to the iso- 
meric state / is therefore completely changed. For the case of 
heavy highly-charged ions like uranium or lead this can be of 
great advantage. In these cases, we consider capture into the L 
shell. The captured electron will decay rapidly to the ground 
state, therefore inhibiting completely the IC decay channel of 
the triggering level T back to the isomeric state. 

The total resonance strength, i.e., the integral of the total 
cross section a over the continuum electron energy, for NEEC 



TABLE I: Considered isomeric states and triggering levels. The life- 
times and energies of the isomeric states are given in the second and 
third column, respectively. The energy of the triggering level Et and 
the multipolarity L of the transition I —*T are presented in the last 
columns. Data taken from 11911 . 





tl/2 


£ m (keV) 


E T (keV) 


L 


IS" Mo 


6.85 h 


2424.89 


2429.69 


E2 


6 fEu 


9.31 h 


45.599 


65.296 


Ml 


^ 8 Hf 


31 yr 


2446.05 


2573.5 


M2 


t! 9 Os 


5.8 h 


30.812 


216.661 


M1 + E2 


!§ 4 Pb 


67.2 m 


2185.79 


2264.33 


E2 


235 TT 
92 U 


26 m 


0.076 


51.709 


E2 


if Am 


141 yr 


48.60 


52.70 


E2 



followed by the decay of the triggering level to the state F is 
given by HI] 



?7T 2 

D NEEC — 2~ 



(1) 



where p denotes the momentum of the continuum electron, 
Y^ T is the NEEC rate and B T ^ F is the branching ratio for 
the decay of the triggering level T avoiding the isomeric state. 
The branching ratio is given by the ratio between the radia- 
tive and IC decay rates from the triggering level T to the F 
state and the total width of the T state, B T ^ F = {AF^f + 
AJ^ f )/Tt- We adapt the formalism presented in [18] to ac- 
count for the more complicated nuclear level structure close 
to the isomeric state. The electron-nucleus interaction occurs 
either by Coulomb interaction or by virtual photon exchange 
between the electronic and nuclear currents. The nucleus is 
described using a collective model 112 111 which allows express- 
ing the nuclear matrix element with the help of the reduced 
transition probabilities, for which we consider experimental 
values. Nuclear data were taken from [19]. Where the ex- 
perimental reduced transition probabilities were not available, 
single-particle (Weisskopf) estimations [21] have been used. 
The electronic motion is considered relativistically and taking 
into account the finite size of the nucleus. The electronic en- 
ergy levels and the radial wavefunctions for the corresponding 
orbitals are calculated with the GRASP92 package 12211 . The 
IC rates are derived from the corresponding NEEC rates using 
the principle of detailed balance in order to account for the 
real number of electrons available for IC in the ion. The val- 
ues for the NEEC resonance strength for isomer triggering are 
presented in Table [TT1 As a comparison, photoexcitation reso- 
nance strengths using the same triggering levels are also pre- 
sented. No NEET values are given, since among all the con- 
sidered isotopes, If 2 Am is the only case for which the match 
between electronic and nuclear energies allows NEET, as will 
be discussed later. The photoexcitation resonance strength 
S^ F y has an expression equivalent to the one in Eq. (Q]), in- 
volving the photon momentum and nuclear photoexcitation 
rate. The latter can be related with the help of the detailed bal- 
ance principle to radiative decay rates. Note that the branching 
ratios in photoexcitation and NEEC triggering can be different 
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TABLE II: Total resonance strengths S for NEEC and x-ray trig- 
gering of isomers. NEEC occurs in the nlj orbital. The continuum 
electron energy at the resonance is denoted by E c . 





nlj 


£ c (keV) 


5^E C (beV) 


S££ (b eV) 




3P3/2 


2.113 


9.1 x 10 - 


6 


1.4 x 10 -8 


^ 2 Eu 


2Sl/2 


5.204 


3.4 x 10" 


4 


6.5 x 10 -5 


^ 8 Hf 


lSi/2 


51.373 


2.0 x 10" 


7 


5.4 x 10 -8 


^fOs 




131.050 


1.2 x 10" 


-3 


2.2 x 10" 2 


§8*Pb 


2P3/2 


55.138 


4.9 x 10" 


5 


8.7 x 10 -6 


235 tt 
92 U 


2^1/2 


21.992 


1.3 x 10" 


1 


1.3 x 10" 2 


IfAm 


5p 3 /2 


0.135 


3.6 x 10" 


3 


2.4 x 10 -8 



depending on the initial electronic configuration of the isomer. 

For the case of isomer triggering of g| 2 Am electron cap- 
ture into the hp orbital of the Am 83+ ion has been consid- 
ered. Due to the very low nuclear excitation energy of only 
4. 1 keV, capture into the hp orbital of the bare ion is not pos- 
sible. The hp orbital is particularly interesting as it has the 
largest NEEC rate values among the orbitals of the O shell. 
The partial IC coefficient that we have obtained for the hp or- 
bital is asp = 6 x 10 5 , more than ten orders of magnitude 
larger than the one assumed in Ref. lfl5ll . Our value is consis- 
tent with the IC coefficients for Z = 95 and transition energy 
4.1 keV tabulated in Ref. [23]. While our estimated value of 
the x-ray triggering resonance strength agrees with the x-ray 
cross section presented in [15], our NEEC resonance strength 
for the triggering of 242m Am is 6 orders of magnitude larger 
than the x-ray photoexcitation one. A further comparison with 
the NEET and Coulomb excitation cross section estimations 
for g| 2 Am presented in Ref. [15] proves that NEEC is the 
most efficient triggering mechanism for this isomer. 

The values in Table [TT] show that for the considered low- 
lying triggering levels, the NEEC nuclear excitation mecha- 
nism is more efficient than the photoabsorbtion one, with the 
exception of 7g 9 0s. For this isomer, the photoexcitation rate 
is higher than the NEEC rate because of the large transition 
energy (185 keV). While the radiative rate for M 1 transitions 
is proportional to E 3 , where E denotes the nuclear transition 
energy, the NEEC resonance strength is in turn proportional 
to the inverse of the squared continuum electron momentum 
and decreases for high energies. As a general rule, the NEEC 
rate is larger for isotopes with higher atomic number Z. For 
example, at similar transition energies and multipolarities, the 
NEEC rate for isomeric triggering in If 2 Am is almost two or- 
ders of magnitude larger than the one in 42 Mo. On the other 
hand, very low nuclear transition energies are usually associ- 
ated with small photoexcitation or NEEC rates and the corre- 
sponding decay rates. For I^Mo, the resonance strength value 
of 9.1 x 10~ 6 is related to the small NEEC rate. The largest 
resonance strength in Table lUJ is the one for the degenerate 
triggering of the 76 eV isomeric state of 92 U. In this case, a 
rather large NEEC rate for the capture of the electron in the L 
shell of a bare ion is corroborated with an efficient branching 
ratio, related to the rearrangement of the electronic configu- 



ration. The captured electron performs a fast decay to the K 
shell, and therefore completely inhibits IC decay of the trig- 
gering level back to the isomeric state. 

While NEET and BIC have been both confirmed experi- 
mentally 11241 12511 . the only performed experiment aimed at 
NEEC observation so far at GANIL [26] did not succeed. Ex- 
perimental observation of NEEC and furthermore NEEC iso- 
meric triggering is certainly a demanding task. Nevertheless, 
with new ion storage ring facilities [27] and numerous pow- 
erful electron beam ion traps around the world, a successful 
NEEC experiment is now much closer to reality. A difficulty 
that all nuclear excitation mechanism share comes from the 
very narrow natural widths of the nuclear excites states, re- 
quiring an energy match with high accuracy. In comparison, 
however, NEEC has at least the advantage of more flexibil- 
ity in choice of isotope and envisaged transition, since energy 
conservation is fulfilled by a continuum electron. In the exper- 
imental scenarios envisaged up to now, in which the nuclear 
excitation would occur for the nucleus in the ground state, ra- 
diative recombination (RR) is the dominant electron recombi- 
nation channel and is responsible for interference effects and a 
strong background 02811 . An important new aspect when con- 
sidering isomer triggering via NEEC is that the energies of 
the excitation from the isomeric state and of the photons emit- 
ted in the decay of the triggering level are different. Thus the 
experimental background due to RR is much reduced due to 
the different photon energies in the involved processes. In this 
sense, our concept of isomer triggering by NEEC is also an in- 
teresting candidate for an experimental verification of NEEC 
by itself. 

The new Synchrotron SIS 100 that will be built in the fu- 
ture at FAIR 12711 will provide for storage ring experiments a 
beam of 10 11 ions, delivered in a 50 ns long bunch J29ll . Iso- 
meric beams produced in nuclear reactions and subsequently 
selected through the fragment separator Super-FRS are ex- 
pected to have a lower intensity, of up to 10 6 particles per 
bunch [30]. The ions can be stored into the experimental stor- 
age ring and cycle through a dense electron target provided by 
a liquid helium beam 13 ill - Depending on the actual experi- 
ment, the lifetime of the ion beam in the storage ring deter- 
mines the beam reinjection frequency from the synchrotron. 
We can estimate the reaction rate for isomeric triggering ac- 
cording to the expression 113211 



R = dV rii n e (<rv) 



(2) 



where dV is the interaction volume, Hi and n e represent the 
ion and electron density, respectively, a is the NEEC trigger- 
ing cross section, whose integrated values are given in Ta- 
ble [TTJ v the relative velocity of the ions with respect to the 
electrons and the ratio r„/r e gives the extent to which the 
energy resonance condition is fulfilled. The relative velocity 
in the ion-electron collisions is mainly given by the ions cy- 
cling in the storage ring at the resonance energy required for 
NEEC. The electron density of the liquid beam electron tar- 
get is 10 15 cm -2 13111 . with an energy spread given by the 
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Compton profile of around 1 keV. With an estimate of 10 6 
ions in the isomeric beam ll30ll . we obtain a reaction rate of 
6.5 x 1(T 2 s- 1 for the NEEC triggering of 235m U and of 
1.1 x 1(T 3 s- 1 for the case of 189m Os. The NEEC trig- 
gering reaction rate for the case of 178m2 Hf is unfortunately 
much lower, just 1.5 x 10~ 7 s~\ due to the high multipo- 
larity (M2) of the triggering transition and the high nuclear 
transition energy of 127 keV to the triggering level. The 
bremsstrahlung photoabsorbtion experiments with 178m2 Hf 
described in Refs. fljj, 12D were investigating the possibility of a 
A'-mixing level at lower energies, initially at 40 keV and later 
at around 10 keV. While in [ 1] a A-mixing level was identified 
that would trigger the isomer decay at 2457.20 keV, this result 
could not be confirmed by other experimental groups. Since 
for NEEC triggering the knowledge of the triggering level en- 
ergy of the occurring transitions is necessary, it is inefficient 
to use this mechanism for a search of possible triggering lev- 
els. However, once a triggering level is identified by other 
methods, NEEC triggering can be used as an energy-selective 
consistency check. 

In conclusion, our theoretical calculations show that cou- 
pling to the atomic shells via NEEC can be the most efficient 
isomer triggering mechanism when low-lying triggering lev- 
els are involved. The different nuclear transition energies for 
the excitation and deexcitation of the triggering level make 
isomers good candidates for the experimental observation of 
NEEC. Considering the high electron densities in hot astro- 
physical plasmas, NEEC isomer triggering calculations and 
experiments may be relevant beyond laboratory experiments. 
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